The Star Excursion Balance Test (SEBT) is composed of 8 reaching directions that are potentially measuring the same functional component, leading to the suggestion that the number of reach directions could be reduced without compromising the assessment of dynamic postural control. Objective: To determine whether the relationship of stance-leg angular displacement on normalized reach distance is a source of dynamic-postural-control measurement redundancy. Design: Single-session within-subjects design. Setting: Athletic training research laboratory. Participants: 10 women and 10 men. Interventions: None. Main Outcome Measures: Normalized reach distance and angular displacement at the knee and hip. Results: Stepwise regression revealed that hip flexion and knee flexion, separately and in combination, accounted for 62% to 95% of the variance in reach distances. Conclusion: Similarity in lower extremity function could account for the previously observed measurement redundancy in the SEBT. Keywords: postural control, dynamic balance, assessment
The Star Excursion Balance Test (SEBT) is a clinical test of dynamic postural control that involves unilateral stance while attempting maximal reach with the opposite leg in 8 different directions: 3 anterior, 2 lateral, and 3 posterior. 1 These features make the SEBT an appropriate test of dynamic postural control for healthy, athletic populations. 2 In addition, the SEBT is sufficiently sensitive to detect functional deficits related to chronic ankle instability, [3] [4] [5] anterior cruciate ligament reconstruction, 6 and patellofemoral pain, 7 as well as under conditions of fatigue. 3, 8 The SEBT demonstrates sufficient intratester 9, 10 and intertester 9 reliability, with intraclass correlation coefficients between .67 and .96, depending on reach direction.
The factors that underlie SEBT performance have not been completely determined, but previous research found that excursion distance was significantly influenced by leg length, and this has led to the now accepted practice of normalization: (excursion distance/leg length)  100 = %MAXD. 2 Depending on the reach direction, however, leg length accounts for only 4% to 23% of the variance in excursion distance. 2 Furthermore, other factors such as static assessments of range of motion at the hip (internal and external rotation) and ankle (dorsiflexion) and foot type were not significantly correlated with excursion distances. 2 The search for additional factors has focused on angular displacement in the sagittal plane at the hip, knee, and ankle. 3, 8 In a comparison of healthy versus chronically unstable ankles in 3 of the reach directions (anterior, medial, and posterior), under control and fatigue conditions, the side with ankle pathology demonstrated reduced excursion distances that were associated with reduced hip-and knee-joint flexion. 3 Subsequent multiple-regression analyses revealed that knee and hip flexion were significant predictors of the change in %MAXD under fatigue in the 3 reach directions. 8 Factor and correlational analyses have revealed great functional redundancy among the 8 reach directions. 4 Hertel et al 4 found that the posteromedial reach direction best represented the functional demands of the SEBT, and the anteromedial, medial, and posteromedial reach directions demonstrated significant differences between those with and without chronic ankle instability. Based on these findings Hertel et al 4 suggested that SEBT administration could be simplified by decreasing the number of reach directions tested and remain a valid test of dynamic postural control.
These previous studies were limited in that they only examined sagittal-plane angular displacement at MAXD in 3 of the 8 reach directions. Therefore, the purpose of the current study was to investigate the relative contribution of sagittal displacement at the knee and sagittal, frontal, and rotational displacement at the hip to normalized reach distance (%MAXD) for all 8 reach directions of the SEBT. The results of the study could help explain the high degree of commonality in the postural-control demands of the 8 reach directions and provide further evidence in favor of simplifying the administration of the SEBT. 4 
Methods

Participants
Twenty participants (10 women, age = 21.5 ± 3.3 years, height = 1.65 ± 0.07 m, weight = 62.2 ± 16.3 kg; 10 men, age = 23.2 ± 3.3 years, height = 1.79 ± 0.08 m, weight = 80.4 ± 16.5 kg) volunteered for the study and signed a university-approved informed-consent form. Participants did not have any known musculoskeletal injuries or neurological deficits that could have negatively affected their dynamic balance.
Procedures
Participants reported to the laboratory for a single testing session. The stance leg was determined to be the opposite of a participant's self-reported kicking leg. The length of the stance leg was measured from the anterior superior iliac spine to the middle of the medial malleolus using a standard tape measure while participants lay supine on a plinth. Hip and knee angular-displacement data were collected using an electromagnetic tracking system (Ascension Technology Corp, Burlington, VT) and MotionMonitor software (Innsport, Inc, Chicago). Electromagnetic sensors were attached with Velcro straps to the participant's sacrum, lateral midthigh, and lateral midshank of his or her stance leg. Anatomi-cal landmarks on the hip, knee, and ankle were digitized with a stylus attached to a fourth electromagnetic sensor to create a digital representation of the stance leg and pelvis. The task goal and performance constraints of the SEBT were explained to the participants. Participants completed 6 practice and 3 test trials in each of the 8 reach directions with 2 minutes of recovery between reach directions, practice trials, and test trials. The order of the reach directions was randomized.
The SEBT instrument was created by projecting and securing 8 tape measures at 45° angles to each other from a center point (Figure 1) . Participants placed the foot of their stance leg in the middle of the SEBT instrument so that equal halves of the length of the foot were in the anterior and posterior halves. As a guide for maintaining foot position, marks were made behind the heel and in front of the toes on the anteroposterior tape measures. Successful trials required that hands remain on hips, the foot position of the stance leg remain as originally positioned, and the heel of the stance leg stay in contact with the floor. Participants were instructed to make a maximum reach with the opposite leg in a specified reach direction, make a light touch on the floor with the most distal part of the reaching foot, and successfully return to double-leg stance without any additional touchdowns with the reaching leg or any disruption of the base of support. If these criteria were not met, the trial was discarded and an additional trial was performed. Reach distances were recorded by having the same tester place a mark on the tape measure that corresponded to the touchdown point at maximum reach distance.
Angular-displacement data for the stance leg were collected at 100 Hz with the electromagnetic tracking system. The MotionMonitor software smoothed the data with a Butterworth filter set at 20 Hz and calculated hip flexion, hip rotation, hip abduction, and knee flexion for the stance leg at the point of touchdown (MAXD). The point of touchdown (when the participant's foot made contact with the floor) was indicated by having one of the testers depress an electronic trigger that placed an event marker in the angular-displacement data.
The excursion distances were normalized by dividing by a participant's leg length and multiplying by 100 (%MAXD). 2 The hip-flexion, hip-rotation, hipabduction, and knee-flexion data for the stance leg were displayed using the MotionMonitor software, and the values that corresponded with touchdown of the reaching leg, as indicated by the event marker, were recorded.
Statistical Analyses
Because, in its present form, the SEBT consists of 8 separate tests, separate statistical analyses were conducted for each reach direction. For each reach direction the mean and SD of the 3 test trials was calculated for %MAXD and knee flexion, hip flexion, hip rotation, and hip abduction at %MAXD. A separate stepwise multiple-regression analysis (SPSS 14.0, Chicago) was conducted for each reach direction using the mean values for the 3 test trials. The dependent variable was %MAXD, and mean knee flexion, hip flexion, hip rotation, and hip abduction at MAXD% served as the predictor variables. The stepwise multiple-regression analyses involved an initial model containing all 4 predictor variables, and at each step a predictor variable was removed if it did not contribute significantly to the predictive value of the model. Therefore, the number of predictive models generated could range from 1 (none were removed because all 4 predictor variables contributed significantly) to 4 (when 3 were removed because only 1 of the variables had significant predictive value). Significance was set a priori at P < .05. Cohen's f 2 (f 2 = R 2 /[1 -R 2 ]) was used to calculate effect size. 11
Results
Three regression models for the anterior reach direction were statistically significant ( Table 1 ). The removal of hip rotation and hip abduction reduced the explained variance 0.2%, leaving the combination of hip and knee flexion to account for 78.1% of the variance in %MAXD (P < .001; f 2 = 3.57). Table 2 indicates that all 4 regression models for the anterolateral reach direction achieved statistical significance. The sequential exclusion of hip abduction, hip flexion, and hip rotation decreased the explained variance by 2.5%, resulting in knee flexion's accounting for 77.4% of the variance in %MAXD (P < .001; f 2 = 3.42).
All 4 regression models for the anteromedial reach direction were statistically significant ( Table 3 ). The stepwise removal of hip flexion, hip rotation, and hip abduction decreased the explained variance a total of 4.0%, leaving knee flexion to account for 62.2% of the variance in %MAXD (P < .001; f 2 = 1.65). Table 4 indicates that 3 regression models for the lateral reach direction achieved statistical significance. The sequential exclusion of hip rotation and hip abduction reduced the explained variance 1.3%, with the remaining combination of knee and hip flexion accounting for 88.0% of the variance in %MAXD (P < .001; f 2 = 7.33).
All 4 regression models for the medial reach direction were statistically significant (Table 5 ). The stepwise removal of hip abduction, hip rotation, and knee flexion produced a 2.1% reduction in the explained variance, leaving hip flexion to account for 86.4% of the variance in %MAXD (P < .001; f 2 = 6.35). Table 6 indicates that all 4 regression models for the posterior reach direction achieved statistical significance. The sequential exclusion of knee flexion, hip abduction, and hip rotation reduced the explained variance 0.3%, so hip flexion accounted for 91.9% of the variance in %MAXD (P < .001; f 2 = 11.35). Hip flexion, hip abduction, hip rotation, knee flexion .893*** Hip flexion, hip abduction, knee flexion .891*** Hip flexion, knee flexion .880*** ***P < .001.
All 4 regression models for the posterolateral reach direction were statistically significant ( Table 7 ). The stepwise removal of knee flexion, hip abduction, and hip rotation decreased the explained variance 0.5%, leaving 94.5% of the variance in %MAXD accounted for by hip flexion (P < .001; f 2 = 17.18). Table 8 indicates that all 4 regression models for the posteromedial direction achieved statistical significance. The sequential exclusion of hip rotation, hip abduction, and knee flexion resulted in a 1.9% decrease in explained variance; therefore, hip flexion accounted for 88.6% of the variance in %MAXD (P < .001; f 2 = 7.77).
Discussion
The results indicate that greater normalized reach distances (%MAXD) in the SEBT were achieved primarily through greater hip flexion, greater knee flexion, or a combination of the two, thus extending findings from previous research 3, 8 that examined only 3 reach directions (anterior, posterior, and medial) to all 8 reach directions. Hip flexion of the stance leg accounted for approximately 86% to 95% of the variance in %MAXD for 4 of the 8 reach directions (medial, posterior, postero lateral, and posteromedial) and, in combination with knee flexion, accounted for 78% and 88% of the variance in the anterior and lateral reach directions, respectively. Knee flexion of the stance leg was the strongest predictor of %MAXD for the anterolateral and anteromedial reach directions, accounting for 77% and 62% of the variance, respectively. Although hip abduction and hip rotation combined with hip and knee flexion to produce statistically significant regression models, their inclusion did not increase the explained variance by more than 2.9% (hip abduction for the anteromedial reach direction) and in most reach directions added less than 1.0% to the explained variance. These results are consistent with previous research that identified significant relationships between hip and knee flexion and %MAXD for 3 of the reach directions (anterior, medial, and posterior). Gribble et al 3 compared healthy participants and those with chronic ankle instability in 3 of the reach directions, under control and fatigue conditions, and reported that the side with ankle pathology demonstrated reduced excursion distances that were associated with less hip-and knee-joint flexion. Gribble et al 8 also examined the anterior, medial, and posterior reach directions in those with and without chronic ankle instability under only the conditions of lunge and ankle fatigue and used multiple-regression methods similar to those employed in the current study. They reported that knee and hip flexion were significant predictors of %MAXD; however, their R 2 values were smaller then those reported in the current study. For example, they reported that in the anterior reach direction, knee flexion accounted for 22.3% and hip flexion 15.5% (together 37.8%) of the variance in %MAXD. In the current study, the combination of knee flexion and hip flexion accounted for 78.1% of the variance in %MAXD for the anterior reach direction. The fundamental differences between the 2 studies are that Gribble et al 8 investigated %MAXD under fatigued conditions, included participants with chronic ankle instability, and used the prefatigueto-postfatigue change in knee-and hip-flexion values as the predictor variables. Apparently, fatigue and chronic ankle instability introduced other factors that reduced the predictive value of knee and hip angular displacement.
Factor and correlational analyses of the SEBT found evidence that all of the 8 reach directions appear to be measuring similar functional factors. 4 The strong predictive value of hip and knee flexion found in the current study supports the idea that lower extremity function is similar across all 8 reach directions. This functional redundancy in the SEBT apparently occurs, however, despite evidence that the 8 reach directions differ in stance-leg range of motion and muscle-activation patterns. 12 The mean hip-and knee-flexion values (Tables 1 through 8) in the current study also exhibited differences across the 8 reach directions, particularly at the hip. Knee-flexion values were the least for the 3 lateral reach directions (antero lateral, lateral, and posterolateral), ranging from 36.1° to 38.5°, with the remaining reach directions ranging from 43.2° (posterior) to 55.9° (medial). There were greater angular-displacement differences at the hip, with the 3 anterior reach directions' demonstrating flexion values between 14.9° and 17.9° that contrast with the 46° to 58.6° values exhibited by the posterior (posterior, posterolateral, and posteromedial), lateral, and medial reach directions. Because the major factor that underlies SEBT performance across the 8 reach directions does not seem to be strongly related to stance-leg range of motion or muscle-activation patterns, future research should be directed toward clarifying what factor is being measured and, thereby, establishing the most appropriate applications of the test.
Based on factor and correlational analyses, Hertel et al 4 concluded that SEBT administration could be streamlined (ie, reduce the number of reach directions tested) without diminishing the functional-assessment value of the test. Hertel et al 4 tested those with and without chronic ankle instability and found that the posteromedial reach direction best represented the functional demands of the SEBT and that the anteromedial, medial, and posteromedial reach directions demonstrated the greatest sensitivity to those with chronic ankle instability. Therefore, these were the 3 recommended directions for evaluating those with chronic ankle instability. 4 What remain to be determined are the most appropriate reach directions for the assessment and rehabilitation of individuals with other musculoskeletal deficits (eg, ACL-reconstructed). Earl and Hertel 12 argued that the differences in stance-leg range of motion and muscle-activation patterns meant that the different reach directions could fulfill different rehabilitation purposes. For example, a person recovering from a quadriceps strain could begin rehabilitation in the lateral direction, in which knee-flexion range of motion is the least, or hamstring rehabilitation could focus on the directions in which the biceps femoris was most active, that is, posterior. 12 Future research should be directed toward providing further guidance to clinicians regarding the selection of appropriate reach directions to meet individual assessment and rehabilitative needs.
Performance of the SEBT, like any movement skill, requires coordination within and between limbs and the management of internal and external forces with the expectation that the degree of control demonstrated will vary depending on the proficiency of the performer. 13 One of the benefits of simplifying SEBT administration is that it might provide an opportunity for the application of coordinative (eg, relative-phase) 14 and kinetic (eg, time-to-boundary) 15 analyses and an examination of the variability of these measures 16 that not only have the potential for advancing our knowledge regarding SEBT performance but, more important, might provide a more complete understanding of the factors that underlie a given individual's dynamic postural control. This additional information could enhance the effectiveness of remediation and rehabilitation programs.
Conclusions
The current study extended previous research on the kinematic predictors of SEBT performance to all 8 reach directions and found that, consistent with earlier studies, hip and knee flexion singularly and in combination were the significant predictors of normalized reach distance. The ubiquity of hip and knee flexion as significant predictors lends support to the idea that similar functional factors are being measured by the 8 reach directions, thus providing evidence in favor of simplifying SEBT administration by reducing the number of reach directions tested. Because of differences in stance-leg range of motion and muscle-activation patterns, 12 however, the most appropriate reach directions to assess particular musculoskeletal deficits and fulfill specific rehabilitative purposes have yet to be determined. Simplification of test administration might enable coordinative and kinetic analyses to be conducted that will reveal more about the factors that account for SEBT performance, as well as provide a more complete measurement of an individual's dynamic postural control. This information has the potential to increase the efficacy of interventions designed to improve dynamic postural control.
